Introduction
The Chemical Weapons Convention (CWC) is an international treaty that came into force in April 1997 and prohibits the production, storage and use of chemical warfare agents (CWAs). This treaty is administered by the Organization for the Prohibition of Chemical Weapons (OPCW) based in The Hague, the Netherlands (1, 2) . An important aspect of the CWC is a verification regime that will investigate cases of suspected noncompliance. Part of this process will involve the analysis of CWAs, their precursors or their degradation products in samples collected from suspected production or storage sites, or from the environment in cases of allegations of use (1, 2) . The chemicals relevant to the convention are listed in three schedules of an annex of the CWC. In addition to the scheduled chemicals, the detection and identification of non-scheduled chemicals, which are characteristic markers (degradation products) of CWAs, also play a key role in verification analysis of the CWC (3) (4) (5) (6) (7) (8) (9) .
Among the nerve agents listed in the schedule, O-ethyl S-(2-diisopropylaminoethyl) methylphosphonothiolate (VX) and V-type nerve agents are potently toxic chemicals. These compounds react with the serine residue in the active site of the enzyme acetylcholinesterase, inhibiting hydrolysis of the neurotransmitter acetylcholine within nerve synapses. Excessive acetylcholine results in overstimulation and eventual paralysis of various muscles, with death usually resulting from paralysis of respiration (10) .
In general, organophosphorus nerve agents (except V agents) are volatile and easy to degrade. Once exposed to the environment, the nerve agents are readily degraded by hydrolysis to the corresponding alkyl methylphosphonic acids, which never exist in nature, such as O-ethyl S-(2-diisopropylaminoethyl) methylphosphonothiolate (VX) to ethyl methylphosphonic acid and Russian VX, O-isobutyl S-2-(diisopropylamino)ethyl methylphosphonothiolate (rVX) to isobutyl methylphosphonic acid. These alkyl methylphosphonic acids are finally hydrolyzed to methylphosphonic acid. As the degradation products are more stable than their parent compounds, they have been used as surrogates to indicate the presence of the original nerve agents (11, 12) . Figure 1 shows the general scheme of hydrolysis and detoxification pathway for V-type nerve agents. As shown in the Figure 1 , N, N-dialkylaminoethane-2-thiols are also degradation products of the V-type nerve agents as well as O-alkyl alkylphosphonic acids in water. Oxidation of N, N-dialkylaminoethane-2-thiols by oxidative decontamination of V-type nerve agents produces 2-(N,Ndialkylamino)ethanesulfonic acids, which are non-scheduled chemicals that may be generally assumed relevant to the CWC within the context of the OPCW proficiency test (13, 14) . Therefore, 2-(N,N-dialkylamino)ethanesulfonic acids can be considered as markers for V-type nerve agents as well as for N, N-dialkylaminoethane-2-thiols in environmental samples. Recently, Pardasani et al. (15) reported the analysis of 2-(N,N-dialkylamino) ethanesulfonic acids by GC-MS. Lakshmi et al. also reported the direct analysis of electrospray ionization mass spectral studies of 2-(N,N-dialkylamino)ethanesulfonic acids, including 10 possible isomeric compounds by LC-MS. However, they only focused on the study of fragmentation pattern for the 2-(N,N-dialkylamino) ethanesulfonic acids by infusing the sample solution into the eletrospray ionization (ESI) source at a flow rate of 10 mL/min using a built-in syringe pump (16) . Although this study showed the fragmentation pattern for the 2-(N,N-dialkylamino)ethanesulfonic acids, it has limitations of consuming the entire sample and quantitative analysis.
The 2-(N,N-dialkylamino)ethanesulfonic acids include the isomeric compounds, depending on the alkyl groups attached to the nitrogen atoms. Since C1 -C3 alkyl chain compounds of 2-(N,N-dialkylamino)ethanesulfonic acids are related to CWC, we have selected all the 10 possible compounds for the present study. The selected reaction monitoring (SRM) analysis alone cannot discriminate the isomers even though these can be separated by HPLC. The study of fragmentation pathway by product ion scan mode will help to analyze isomeric compounds of 2-(N,N-dialkylamino)ethanesulfonic acids by LC-ESI-MS/MS. The specificity of SRM analysis can be further increased by combining with the acquisition of the product ion spectra of the analytes of interest. The technology, so-called SRM-triggered quantitation-enhanced data-dependent MS/MS (QED-MS/MS), depending on the manufacturer, can give rise to informationrich mass spectra that can be used to confirm the existence of compounds while they are being quantified. In this way, the high sensitivity of the SRM analysis is merged with the specificity of a product ion spectrum in a single analytical run. Considering these points, liquid chromatography-tandem mass spectrometry (LC -MS/MS) with SRM-triggered QED-MS/MS seems to be the best technique for the simultaneous determination for isomeric compounds of 2-(N,N-dialkylamino)ethanesulfonic acids. To our knowledge, no methods have been developed to identify and classify isomeric compounds of 2-(N,N-dialkylamino) ethanesulfonic acids by simultaneous quantitative and qualitative determination using LC-MS/MS with SRM-triggered QED-MS/MS.
In this paper, we report a rapid and sensitive analytical method for the identification and classification of 2-(N,N-dialkylamino) ethanesulfonic acids. This is the first study comprehensively covering the fragmentation pathway of these compounds by product ion scan mode and quantitative analysis by SRM scan mode using triple-stage quadruple analyzer, simultaneously. The complete sets of 2-(N,N-dialkylamino)ethanesulfonic acids substituted with methyl, ethyl, propyl and isopropyl chains were studied.
Experimental

Materials
Reagents for synthesis were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gradient-grade solvents (toluene, chloroform, diethylether) were purchased from Merck (Darmstadt, Germany). The compounds 2-(N,
ethanesulfonic acid (iPPSA) and 2-(N, N-dipropyl amino)ethanesulfonic acid (DPSA) were synthesized in our laboratory and were .95% pure by nuclear magnetic resonance spectroscopy ( Figure 1 ).
Liquid chromatography conditions
A Thermo-Scientific Accela Liquid chromatography (LC) system consisting of a Thermo-Scientific Accela autosampler plus Accela 600 pump was used. The system was fitted with a 150 Â 4.6 mm Agilent poroshell 120 SB-C 18 column, with 2.7 mm particle size and 100 Å pore size. The mobile phase consisted of water (Solvent A) and methanol (Solvent B), each modified with 0.1% formic acid. Chromatographic conditions were initially developed to separate a mixture of N,N-dialkylaminoethane sulfonic acids consisting of DESA, MiPSA, MPSA, EiPSA, EPSA, DiPSA, iPPSA and DPSA. The gradient was as follows: 5% of B (from 0 to 2 min), linear increase up to 100% B at 5 min and 5% of B at 8 min at a flow rate of 0.5 mL/min. The injection volume for LC experiment was 10 mL using the autosampler.
Mass spectrometer conditions
The column effluent was introduced into a Thermo-Scientific Vantage triple-stage quadrupole mass spectrometer (Thermo Finnigan Surveyor, San Jose, CA, USA) via an atmospheric pressure ionization source/interface operated in ESI mode. Capillary temperature and spray voltages were optimized to give maximum response to [M þ H] þ ion, m/z 210, of DPSA. ESI conditions were as follows: spray voltage was 3.5 kV, capillary temperature 3508C, vaporizer temperature 3008C, sheath gas 40 arbitrary units and auxiliary gas 10 arbitrary units. Both Q 1 and Q 3 were operated at the peak width of 0.7 amu. The collision gas was argon at 1.3 m Torr. Detection of analytes was conducted in SRM and quantitation enhanced data-dependent (QED) mode. The Xcalibur software (Thermo Finnigan, San Jose, CA, USA) was used for instrument control, data acquisition and data handling.
Preparation of unknown soil sample
One gram of soil sample was extracted by 5 mL of deionized water and centrifuged at 5,000 rpm for 15 min. After being centrifuged, the supernatant was transferred to a 5 mL vial and concentrated to dryness at room temperature under a gentle stream of nitrogen until 0.2 mL. The dried sample was analyzed by LC -MS/MS QED scan mode.
Results
Two different scan modes, SRM followed by QED scan mode, were selected in the method. The SRM transition and the QED scan parameters are presented in Table I . The QED scan on a Peak width: regular triple quadrupole instrument provides information of fragmentation pathways, which can be used to confirm the unambiguous identification for isomeric compounds of 2-(N, N-dialkylamino)ethanesulfonic acids while they are quantified by SRM scan mode. When using QED scan mode, the full scan MS/MS spectra are obtained by data-dependent scanning for confirmatory analysis during the SRM, which is used for routine quantitation.
Once a particular SRM transition reaches a signal threshold (5 Â 10 4 counts), the instrument automatically triggers QED using reversed energy ramp (RER), which produces the highsensitivity product ion spectrum. The RER function linearly ramps the collision energy from 16 to 36 eV, while scanning Q 3 . The RER scan generates a highly sensitive, fragment-rich MS/MS spectrum that can be used to positively confirm the unambiguous identification of degradation products, 2-(N,N-dialkylamino) ethanesulfonic acids of V-type nerve agents.
QED analysis of 2-(N,N-dialkylamino)ethanesulfonic acids by LC-ESI-MS/MS
There are three sets of isomeric compounds of 2-(N,N-dialkyl amino)ethanesulfonic acids spiked into the aqueous solution at the 1 mg/mL levels, separately, which were analyzed by LC-ESI-MS/MS. The most abundant ions in mass spectra were protonated molecules
þ of the analytes. The QED analysis experiments were conducted on a triple stage quadruple analyzer to identify the fragmentation pathway for each isomeric compounds of 2-(N,N-dialkylamino)ethanesulfonic acids. Figure 2 shows the total ion chromatogram and mass spectra for the first set of isomeric compounds (
The DESA 1, MiPSA 2 and MPSA 3 were eluted at 4.29, 4.59 and 4.87 min, respectively. The product ions found in the CID spectra of isomers 1, 2 and 3 were the most mutually different (Figure 2) . The genesis for the formation of various product ions is typically illustrated in Figure 3 .
The fragmentation process is initiated with simple charge site rearrangement of the C -C bond that is in b-position with respect to the nitrogen (b-cleavage), the N -C bond (a-cleavage) or C-S bond (g-cleavage). Further fragmentation of the resulted a-cleavage product ions depends on the size and structure of the alkyl groups attached to the nitrogen. DESA 1 shows a diagnostic product ion at m/z 86 formed by the loss of CH 4 SO 3 from [MþH] þ through b-cleavage, whereas this ion is absent in isomer 2. In addition, the product ions [MþH-H 2 SO 3 ] þ at m/z 100 through g-cleavage and [MþH-
þ at m/z 154 through a-cleavage were weakly observed.
However, the MiPSA 2 and MPSA 3 exhibit different fragmentation pathways from the DESA 1. The [MþH-C 3 H 6 ] þ ion at m/z 140 through a-cleavage is the only product ion and a diagnostic þ ion at m/z 140 through a-cleavage is also observed for the MPSA 3 by loss of propene similar to MiPSA 2 and also has product ions at m/z 86 through b-cleavage and m/z 100 through g-cleavage. This trend can be explained by charge-site rearrangement. Figure 4 shows the comparison of charge-site rearrangement between MiPSA 2 in which isopropyl group is attached and MPSA 3 in which n-propyl group is attached to the nitrogen. The loss of C 3 H 6 is always more favored in the compounds containing an isopropyl group. The simple fragmentation pathway in LC-ESI-MS/MS is of great diagnostic value for identification of these isomeric compounds.
The second set of isomers ([MþH] þ , m/z ¼ 196) includes EiPSA 4 and EPSA 5, where compound 4 contains an isopropyl group on the nitrogen and compound 5 contains an n-propyl group on the nitrogen. Similarly, the mass spectra of EiPSA 4 and EPSA 5 can also be explained by simple fragmentation patterns. The EiPSA 4 and EPSA 5 were eluted at 5.18 and 5.32 min, respectively ( Figure 5 ).
These compounds have main fragmentation patterns similar to that of MiPSA 2 and MPSA 3. The CID spectrum of the [MþH] þ ion of EiPSA 4 shows an abundant product ion at m/z 154 corresponding to the loss of C 3 H 6 through a-cleavage. The EPSA 5 has the same product ion at m/z 154 and also has product ions [MþH-CH 4 SO 3 ] þ at m/z 100 through b-cleavage and [MþH-H 2 SO 3 ] þ at m/z 114 through g-cleavage. The isomers EiPSA 4 and EPSA 5 were identified easily because the occurrence of diagnostic product ions at m/z 100 and 114 was observed only in the spectra of EPSA 5.
The DiPSA 6, iPPSA 7 and DPSA 8 were eluted at 5.52, 5.75 and 5.94 min, respectively. The MS/MS spectra of isomers DiPSA 6, iPPSA 7 and DPSA 8 have the same product ions [MþH-C 3 H 6 ] þ at m/z 168 by loss of propene from the [MþH] þ ion through a-cleavage. However, they have different diagnostic product ions depending on the alkyl chains attached to the nitrogen. Because the loss of C 3 H 6 is always more favored in compounds containing an isopropyl group by the charge-site rearrangement, the successive loss of two isopropyl groups from the [MþH] þ ion is the main fragmentation pathway of DiPSA 6. The product ion at m/z 168 through a-cleavage is the only diagnostic ion of iPPSA 7 similar to MiPSA 2 and EiPSA 4. The DPSA 8 has a product ion [MþH-CH 4 SO 3 ] þ at m/z 114, which is not observed in DiPSA 6 through b-cleavage ( Figure 6 ).
Quantitative analysis and limit of detection for 2-(N,N-dialkylamino)ethanesulfonic acids by LC-ESI-MS/MS SRM mode
To ascertain the reliability of the method, the quantitative analysis of analytes was carried out at different concentrations. The followed transitions and collision energies are given in Table II. The calibration graphs were constructed by plotting the ratio of the peak areas for EiPSA 4 and DiPSA 6 within the spiking concentration range of 1 -100 ng/mL in the SRM scan mode. Linearity was observed over the specified concentration range with g 2 ¼ 0.9989 and 0.9983 for EiPSA and DiPSA, respectively. The limit of detection (LODs) is an important parameter for any developed analytical technique (Table III) . Compared with Ref. (16) , the LC-MS/MS QED method could be applicable to the analysis of trace amount of sample because of the LOD of 0.1 ng/mL in SRM mode and 50 ng/mL in MS/MS product ion scan mode.
Discussion
Application to the trace analysis of unknown soil sample using LC-ESI-MS/MS QED scan mode The presented LC-MS/MS QED scan method has been tested for the detection and identification of 2-(N,N-diisopropylamino) ethanesulfonic acid (DiPSA), a spiked chemical in soil sample of the proficiency test conducted by the OPCW. The positive ion ESI spectrum of the soil sample shows a [MþH] þ ion at m/z 210 and the product ions at m/z 168 and 126 by successive loss of propene from the [MþH] þ ion through a-cleavage. Also, the diagnostic ions of iPPSA and DPSA were absent in the mass spectra of soil sample. By comparing the mass spectra and retention times of DiPSA, iPPSA and DPSA, we confirmed that the compound in the unknown soil sample was DiPSA with the help of the same mass fragmentation pattern and retention time. The compound that was confirmed as DiPSA in the soil sample was analyzed using SRM scan mode to calculate the concentration of the compound. The integrated area of DiPSA was compared against that of the external standard for quantitation purposes. The value of integrated area for an analyte is calculated on a calibration curve obtained from the standard sample. As the result, the DiPSA was spiked at 5 mg/mL in the soil sample (Figure 7 ).
Precision and accuracy of method validation
As part of the validation process, the intraday precision and accuracy of the method were determined by analyzing the six replicates on the same day. The precision and accuracy were expressed as relative standard deviation (RSD) and relative error (RE), respectively. The unknown soil sample was extracted and analyzed in six repeated measurements. The intraday precision and accuracy were determined in six replicates. The precision (RSD) for the unknown soil sample, spiked DiPSA, was below 7.0%. The accuracy (RE) was in the range 23.3 -2.5%. The accuracy and reproducibility of unknown soil samples demonstrate the applicability of this method in a diverse range of environmental matrices and concentrations (Table IV) .
Conclusion
Degradation products of V-type nerve agents are important markers of these toxic CWAs; hence their detection and identification are of high importance from verification point of view of CWC. The simple and rapid analytical method based on simultaneous quantitative and qualitative determination of 2-(N, N-dialkylamino)ethanesulfonic acids by using LC-SRM triggered QED-MS/MS was developed for identification and classification of degradation products of V-type nerve agents. With a single analytical run, we could do the quantitative analysis of the 2-(N, N-dialkylamino)ethanesulfonic acids by the SRM scan mode with LOD at the 0.1 ng/mL and identify the isomeric compounds by product ion scan mode, simultaneously. The QED method will be applicable to the trace analysis of degradation products of V-type nerve agents in the environmental matrices in the OPCW proficiency test. 
